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Abstract: Increases in the world’s population and population density promote the spread of emerging
pathogens. Vaccines are the most cost-effective means of preventing this spread. Traditional methods
used to identify and produce new vaccines are not adequate, in most instances, to ensure global
protection. New technologies are urgently needed to expedite large scale vaccine development.
mRNA-based vaccines promise to meet this need. mRNA-based vaccines exhibit a number of poten-
tial advantages relative to conventional vaccines, namely they (1) involve neither infectious elements
nor a risk of stable integration into the host cell genome; (2) generate humoral and cell-mediated
immunity; (3) are well-tolerated by healthy individuals; and (4) are less expensive and produced
more rapidly by processes that are readily standardized and scaled-up, improving responsiveness
to large emerging outbreaks. Multiple mRNA vaccine platforms have demonstrated efficacy in
preventing infectious diseases and treating several types of cancers in humans as well as animal
models. This review describes the factors that contribute to maximizing the production of effective
mRNA vaccine transcripts and delivery systems, and the clinical applications are discussed in detail.
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1. Introduction

Increases in the world’s population (approaching 7.8 billion), population density,
global travel, and contact between people promotes the spread of emerging pathogens.
Zoonosis represents a constant threat to introduce previously uncharacterized pathogens,
such as HIV, SARS, MERS CoV, and SARS-CoV-2, into the population [1,2]. Vaccines are
the most cost-effective strategy to prevent this global spread and to suppress both acute
and chronic infections.

Conventional vaccines are generally classified as live, attenuated, or non-live. Vac-
cination with attenuated pathogens has successfully decreased the burden of a number
of infectious diseases, e.g., smallpox, polio, measles, mumps, and rubella. Conventional
vaccines comprised of attenuated viruses such as these take years to develop due to the
time required to collect and subsequently adapt (attenuate) the virus in vitro. Adaptation
may be hampered by a number of factors including difficulty cultivating the pathogen in
specialized, biosafety level facilities. Moreover, in addition to a customized production
process, each new conventional vaccine requires complex purification and testing. Notably,
in this regard, live attenuated vaccines carry a credible risk of reversion [1].

The antigenic component of non-live vaccines can be the whole inactivated organism,
purified proteins derived from the organism (e.g., tetanus or diphtheria toxoid), recom-
binant proteins such as those that comprise hepatitis B virus and human papillomavirus
vaccines, or polysaccharides found in the pneumococcal vaccine for Streptococcus pneumo-
niae. Non-live vaccines are often combined with adjuvants to promote immunogenicity.
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Traditionally, vaccine development is a complex expensive, slow, laborious under-
taking that requires substantial investment [3]. Creating a new vaccine candidate using
established technologies is estimated to cost >500 million USD, with additional expenses
of 50 to 700 million USD required to retrofit manufacturing facilities and equipment [4].
Indeed, the need for dedicated production processes and facilities for each vaccine created
using conventional technologies keeps validation and manufacturing costs high [1]. Fur-
thermore, the average development of a conventional vaccine from the preclinical phase
requires >10 years and has a market entry probability of 6%. The long lead time and
hundreds of potentially complex steps required for manufacturing highlight the urgent
need for new approaches to expedite vaccine development.

Established methods used to identify and produce new vaccine candidates are no
longer sufficient to ensure global protection against emerging, often ill-defined pathogens;
a shift in methodology is needed. Manufacturers desperately require new technologies able
to spur rapid vaccine development and large scale production, reduce the cost, shorten the
time to licensure, and to allow responding quickly to pandemic threats [1]. Viral vector
and nucleic acid-based vaccine platforms created during the past few decades promise to
provide solutions to these vaccine challenges [1,5]. Viral vector vaccines are comprised
of nonreplicating or attenuated, replicating recombinant viruses that encode one or more
target antigens. Presentation of these antigens in combination with stimuli inherent in the
vector mimic a natural infection that induces strong humoral and cell-mediated immunity.
A potential disadvantage of viral vector vaccines is pre-existing immunity to the vector,
such as a recombinant adenovirus, which commonly causes human infection.

2. mRNA Vaccines

Vaccination with non-viral vector delivered nucleic acid-based vaccines mimics infec-
tion or immunization with live microorganisms. mRNA technology promises to dramati-
cally change the traditional approach to vaccine development. The underlying principle is
delivery of a transcript that encodes one or more immunogens into the host cell cytoplasm,
where translation generates immunogenic proteins that are subsequently sequestered
intracellularly, incorporated into the cell membrane, or secreted.

The mRNA is generated by transcribing a DNA template synthesized once the genetic
sequence encoding the immunogen is known and disseminated globally. The design and
manufacturing of mRNA-based vaccines on a clinical scale is possible within weeks from
the time the antigenic sequence becomes available. mRNA production is cell-free, using
in vitro transcription methodology. Both the template and transcript can be produced in
the laboratory using materials that are readily accessible. Moreover, a facility dedicated to
mRNA production should be able to manufacture vaccines quickly against multiple targets
with only minimal adaptation.

mRNA vaccines exhibit a myriad of advantages related to safety, efficacy, and pro-
duction compared to more conventional approaches. Vaccine production involves neither
infectious elements nor a risk of stable integration into the host cell genome; rather, the
vaccine RNA strand is degraded once the protein is produced. Moreover, vaccination is
capable of generating humoral and cell-mediated immunity, which is well-tolerated by
healthy individuals with few side effects. Notably, mRNA vaccines induce potent MHC
class I-restricted CD8+ as well as MHC class II-restricted CD4+ T-cell responses. Produc-
tion and accumulation of the immunogen in the cytoplasm can be processed efficiently,
and the epitopes are presented in association with MHC class I molecules on the cell
surface. Epitopes derived from secreted or recycled proteins encoded by the vaccine can
be presented in association with MHC class II molecules. mRNA is the minimal genetic
vector; therefore, anti-vector immunity is precluded, and vaccines can be administered
repeatedly. As such, an individual can potentially be immunized with multiple different
mRNA vaccine constructs created using the same technology.

Since production is cell-free and laboratory based, mRNA vaccines are less expensive
than conventional vaccines and can be produced more rapidly by processes that can be
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standardized and scaled-up, improving responsiveness to large emerging outbreaks [6].
Moreover, mRNA vaccine constructs can be readily modified in order to eliminate unde-
sired side effects or to enhance immunogenicity, e.g., to respond to mutations and antigenic
changes in the organism.

mRNA based vaccines are generally classified as either conventional, nonreplicating,
or self-replicating (self-amplifying). Nonreplicating mRNA constructs are small in size,
simple, and lack additional encoded proteins capable of inducing unintentional immune
responses [7]. They encode the immunogen of interest, which is flanked by 5′ and 3′

untranslated regions (UTRs), a 5’ cap structure consisting of 7-methylguanosine (m7G)
connected by a triphosphate bridge to the first nucleotide, and a 3′-poly(A) tail (Figure 1A).
The 5′ m7G cap blocks recognition by the cytoplasmic RNA sensor, RNA helicases retinoic
acid-inducible gene I (RIG-I), suppresses 5′–3′ exonuclease-mediated degradation, recruits
translation initiation factors, and promotes efficient translation [8]. The length, structure,
and regulatory elements within both the 5′ and 3′ UTR regions also contribute to maximum
gene expression [9,10]. The poly(A) tail and its length are critical for translation and
protection of the mRNA vaccine construct from degradation [11,12]. Translation efficiency is
also enhanced by sequence engineering (codon optimization) and nucleoside modification
(e.g., replacement of uridine with pseudouridine), which suppresses Toll-like receptor (TLR)
recognition and the innate immune response to mRNA constructs [13–15]. mRNA purity
is essential; DNA-dependent RNA polymerases yield small oligoribonucleotide as well
as double-stranded RNA impurities during construct synthesis [16,17]. Removal of these
impurities, which are recognized by pattern recognition receptors, promotes translation
and protein synthesis by suppressing the innate immune response and the production of
type I interferon and inflammatory cytokines [18].
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polymerase (RDRP) complex that transcribes and amplifies the message. 

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found 
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from 
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen. 
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on 

Figure 1. mRNA vaccine constructs. Constructs are classified as either nonreplicating (a) or self-replicating (b) and
composed of a 5′ m7G cap, 5′ and 3′ untranslated regions (UTR) which flank the nucleotide sequence that encodes the
immunogen of interest, and a 3′-poly(A) tail. Additionally, self-replicating mRNA constructs encode an RNA-dependent
RNA polymerase (RDRP) complex that transcribes and amplifies the message.

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen.
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on day
3 and remained detectable for more than 14 days following immunization [20]. Similarly,
immunization with a self-replicating mRNA construct induced more protein synthesis
for a longer period of time and a greater immune response in mice, compared with a
nonreplicating mRNA vaccine [21]. An additional advantage of self-replicating mRNA
constructs is the ability to incorporate multiple gene sequences into the same replicon,
allowing the expression of both the target immunogen and immunomodulatory molecules
such as CD40L, CD70, OX40L, and GM-CSF to enhance potency [22,23].

Self-replicating constructs are much larger than nonreplicating mRNA constructs
(i.e., 9.3 versus 2.2 kb), making production and stability more challenging and possibly
limiting vaccine internalization [23,24]. They tolerate few nucleotide modifications or
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sequence alterations without losing self-amplifying activity [23]. Moreover, self-replicating
constructs include unrelated antigenic proteins (i.e., the RDRP complex) capable of induc-
ing a strong immune response that suppresses translation and immunogen production.
Furthermore, double-stranded RNA intermediates formed during self-replication are the
natural ligands of cytoplasmic RNA sensors RIG-I and melanoma differentiation-associated
protein 5 (MDA5). Ligation by these receptors initiates the release of type I interferons
(INFα/β) and activation of the interferon response gene cascade and innate immunity [25].
In fact, it has been suggested that the strong intrinsic adjuvant activity of self-replicating
mRNA contributes to its higher immunogenicity at lower doses compared to nonreplicat-
ing mRNA constructs [20,22]. Notably, whether a type I INFα/β response is beneficial
or detrimental to the generation of vaccine-induced immunity is a matter of ongoing dis-
cussion [26,27]. Consequently, IFNα/β production should be considered in the design of
any mRNA vaccine given evidence to support the ability of IFNα/β to both enhance and
inhibit protective immunity [6].

While conventional, nonreplicating mRNA vaccine constructs effectively elicit im-
mune responses, they are constrained by relatively short half-lives. Self-replicating mRNA
vaccine constructs exhibit comparative increases in the magnitude and duration of message
expression, and immunogen production [24,28]. However, their size makes production and
stability more challenging. Circularization of exogenous mRNA offers a potential means of
extending message expression and immunogen production, and a promising alternative to
self-replicating mRNA vaccines.

Circular RNAs (circRNAs) are a class of single-stranded RNAs with a covalently
closed loop structure [29]. They are endogenous in eukaryotic cells and conserved across
species. Most are created from linear mRNA sequences by back-splicing; the vast majority
appear to fulfill noncoding roles that are not completely understood. circRNAs lack end
motifs necessary for the interaction with a number of cellular proteins and, as such, are
resistant to exonuclease-mediated degradation. Recently, Wesselhoeft and collaborators
reported a technology for circularizing a wide range of mRNAs based upon self-splicing
by an autocatalytic intron, which stabilizes and extends the half-lives of messages and
prolongs production of encoded proteins [30,31]. An integrated coxsackievirus B3 internal
ribosome entry site facilitates ribosomal binding and circRNA translation. Exogenous
circRNAs avoid recognition by cellular RNA sensors (i.e., RIG-I) and TLR without nucleo-
side modification, thereby abrogating innate immune responses in animal models as well
as cultured TLR-expressing cells. These finding suggest that circRNA vaccine constructs
could provide an alternate, improved approach to RNA-based vaccination. Indeed, the
potential use of circRNA-based vaccines in cancer stem cell therapy has been proposed [32].

3. Delivery Systems

Chemical modifications and sequence engineering have improved both the translation
and shelf life of synthetic mRNA vaccines [24]. Naked mRNA, however, is unsuitable
for therapeutic use. A key factor inhibiting mRNA vaccine development, until recently,
was the absence of an efficient, well-tolerated delivery system. The biggest barrier lies
in the need for cellular uptake and translocation. The negative potential across the cell
membrane creates a formidable barrier for mRNA molecules. Naked mRNA, prone to
nuclease digestion, is too large and highly negatively charged to passively cross the cell
membrane [33]. Purportedly, the rate of naked mRNA uptake by cells is less than 1 in
10,000 molecules [34]. Relatively little internalized naked mRNA is translated but, instead,
rapidly degraded. Moreover, naked mRNA injected directly into humans or animals can
elicit severe inflammatory, innate immune responses independent of the protein encoded.

Electroporation with a gene gun offers means of vaccinating with naked mRNA [35].
mRNA molecules pass through membrane pores formed by a high-voltage pulse directly
into the cell cytoplasm. Though electroporation is an efficient means of mRNA delivery
and vaccination in mouse models, there is no conclusive data to support the efficacy of this
approach in humans or large animals.
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Dendritic cells (DCs) are professional antigen-presenting cells that play a key role
in initiating immune responses. DCs are highly amenable to mRNA transfection ex vivo
and, thus, provide another means of vaccinating with naked mRNA. Vaccines consisting of
mRNA-transfected DCs elicit cell-mediated immune responses primarily and, therefore,
are principally used in cancer immunotherapy [36]. Indeed, DCs transfected with mRNA
ex vivo for adoptive transfer to cancer patients was the first mRNA-based vaccine to enter
clinical trials [37]. Reinfusing recipients with autologous DCs transfected with antigen-
encoding mRNA ex vivo, however, is very expensive and labor intensive. Moreover, while
clinical trials demonstrated that the infusion of mRNA transfected DCs to be safe and well
tolerated, with an immune response detectable in more than 50% of vaccinated patients,
clinical responses were sporadic or very limited [38]. Thus, infusion with transfected DCs
offers only a short-term approach to cancer treatment. For the long term, the targeting of
antigen-encoding mRNA to specific DC subsets in vivo is envisioned [38–40].

The inflammatory profile of synthetic mRNA can be altered significantly by a number
of factors that includes nucleoside modification, sequence engineering, purification, and
incorporation into a delivery vehicle [6,39]. The primary functions of the vehicle are to
protect the message from extracellular nuclease digestion and to facilitate uptake by host
cells, primarily by endocytosis followed by electrostatic attachment and fusion with the cell
membrane [41] (Figure 2). Once internalized, the delivery vehicle must promote endosomal
escape and the release of its contents into the cytosol, where translation occurs. While
internalization is a relatively simple process, endosomes and the endosomal membrane
represent a significant barrier to the release and expression of intact mRNA [42].
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Figure 2. Cellular uptake and expression of vehicle encapsulated mRNA vaccine constructs. Non-
replicating and self-replicating vaccine constructs (NRC and SRC, respectively) are encapsulated in
LNP to prevent degradation and to promote cellular uptake (a). Uptake of the mRNA–LNP complex
is mediated by endocytosis (b). mRNA vaccine constructs are released from the endosome into
the cytosol where NRC are translated by ribosomes (c) and the immunogen produced (d). SRC are
translated, producing the RNA-dependent RNA polymerase (RDRP) necessary for self-amplification
and production of the immunogen (e). Immunogens (sequestered intracellularly, incorporated into
cell membranes or secreted) induce humoral and cell-mediated immune responses.

A number of polymer, peptide, and lipid-based carriers have demonstrated transport
efficacy in preclinical and some clinical trials [6]. Diethylaminoethyl dextran (Figure 3A),
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the first polymer tested as a delivery reagent for in vitro transcribed mRNA, was 100 to
1000 times less efficient, however, than lipid-mediated transfection [43]. Alternatively,
cationic dendrimers (Figure 3B) have been widely studied for gene delivery but only
used for mRNA-based vaccine delivery in a few studies. Cationic dendrimers are highly
branched, polymeric macromolecules which are symmetric around a core, often adopt-
ing a spherical three-dimensional structure that allows them to pass freely through cell
membranes, unlike classical polymers [41]. Though widely examined as a method for
DNA delivery, only a few studies have explored cationic dendrimers as an mRNA-based
vaccine delivery system. Chahal and coworkers, for example, demonstrated the capacity
of dendrimer-based nanoparticles condensed around a self-replicating mRNA vaccine
construct to induce protective immunity against Ebola, influenza, and Zika viruses in mice
administered a single dose intramuscularly (i.m.) [44,45]. Future use of dendrimers as
vaccine carriers may be limited, however, by steric factors that inhibit dendrimer biodegra-
dation and, thus, enhance its accumulation in the tissues and toxicity.

Vaccines 2021, 9, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 3. mRNA-based vaccine carriers. (A) Diethylaminoethyl-dextran; (B) cationic polyamidoamine dendrimer; and (C) 
protamine. Images captured from PubChem (https://pubchem.ncbi.nlm.nih.gov, accessed on 8 April 2021) (D) Li-
pid nanoparticle. 

Recently, Rauch et al. reported the efficacy of vaccine constructs composed of mRNA 
complexed with a small, arginine-rich nucleotide-binding peptide, protamine (Figure 3C) 
[46]. Cell-penetrating peptides such as protamine are capable of binding, stabilizing, and 
transporting mRNA into the cytoplasm [47]. The RNActive vaccine platform (CureVac 
AG; Tübingen, Germany) composed of mRNA (customized to maximize the level and 
duration of immunogen production) complexed with protamine demonstrated potency 
against cancer and a variety of infectious diseases in animal models [1,47,48]. The results 
achieved by vaccination with mRNA encoding rabies virus glycoprotein (RABV-G) com-
plexed with protamine in a phase 1 clinical trial were suboptimal, though were much im-
proved in preclinical studies by adopting a lipid-containing nanoparticle (LNP) delivery 
system [49]. A phase 1 clinical trial involving mRNA encoding RABV-G complexed with 
LNP is currently in progress (ClinicalTrials.gov Identifier: NCT03713086). 

Vectors based upon lipids or lipid-like compounds are, by far, the most common non-
viral gene carriers [23]. Recent studies have focused upon the development of novel ion-
izable lipids and formulations that improve cellular uptake, endosomal release, and 
mRNA expression [28,42]. Co-formulation into ionizable LNPs was first developed for 
siRNA delivery [50]. LNPs are typically synthesized by mixing mRNA in an acidic aque-
ous phase with an ethanol phase containing precise molar ratios of (1) an ionizable cati-
onic lipid (6–7 pKa value in the LNP) that encapsulates polyanionic mRNA at low pH; (2) 
a zwitterionic lipid that resembles the lipids in cell membranes; (3) cholesterol, which sta-
bilizes the LNP lipid bilayer and promotes fusion; and (4) lipid-anchored polyethylene 
glycol to reduce non-specific protein absorption, diminish NPC aggregation, and improve 
colloidal stability (Figure 3D) [23,50]. LNPs generally contain mRNA at a relatively low 
copy number (1–10), which is bound by ionizable cationic lipid and located in the particle 
core [51]. 

Multiple reports indicate that ionizable lipid is the principal factor determining the 
efficacy of LNPs designed for siRNA delivery [50]. It is neutral at physiological pH, elim-
inating any cationic charge in the circulation, but becomes protonated at pH ~6.5 in the 
endosome, facilitating endosomal release [51]. Specific LNP formulations are often pro-
prietary. In this regard, Hassett et al. evaluated the ability of a group of proprietary bio-
degradable ionizable lipids incorporated into LNPs to maximize the expression and im-
munogenicity of encapsulated mRNA [52]. A formulation was identified that produced a 

B. 

A. 

D. 

C. 

Phospholipid 

Lipid-anchored PEG 

Cholesterol 

Ionizable lipid 

mRNA 

Figure 3. mRNA-based vaccine carriers. (A) Diethylaminoethyl-dextran; (B) cationic polyamidoamine dendrimer;
and (C) protamine. Images captured from PubChem (https://pubchem.ncbi.nlm.nih.gov, accessed on 8 April 2021)
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Recently, Rauch et al. reported the efficacy of vaccine constructs composed of mRNA
complexed with a small, arginine-rich nucleotide-binding peptide, protamine (Figure 3C) [46].
Cell-penetrating peptides such as protamine are capable of binding, stabilizing, and trans-
porting mRNA into the cytoplasm [47]. The RNActive vaccine platform (CureVac AG;
Tübingen, Germany) composed of mRNA (customized to maximize the level and duration
of immunogen production) complexed with protamine demonstrated potency against
cancer and a variety of infectious diseases in animal models [1,47,48]. The results achieved
by vaccination with mRNA encoding rabies virus glycoprotein (RABV-G) complexed with
protamine in a phase 1 clinical trial were suboptimal, though were much improved in pre-
clinical studies by adopting a lipid-containing nanoparticle (LNP) delivery system [49]. A
phase 1 clinical trial involving mRNA encoding RABV-G complexed with LNP is currently
in progress (ClinicalTrials.gov Identifier: NCT03713086).

Vectors based upon lipids or lipid-like compounds are, by far, the most common
non-viral gene carriers [23]. Recent studies have focused upon the development of novel
ionizable lipids and formulations that improve cellular uptake, endosomal release, and
mRNA expression [28,42]. Co-formulation into ionizable LNPs was first developed for
siRNA delivery [50]. LNPs are typically synthesized by mixing mRNA in an acidic aqueous
phase with an ethanol phase containing precise molar ratios of (1) an ionizable cationic
lipid (6–7 pKa value in the LNP) that encapsulates polyanionic mRNA at low pH; (2) a

https://pubchem.ncbi.nlm.nih.gov
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zwitterionic lipid that resembles the lipids in cell membranes; (3) cholesterol, which
stabilizes the LNP lipid bilayer and promotes fusion; and (4) lipid-anchored polyethylene
glycol to reduce non-specific protein absorption, diminish NPC aggregation, and improve
colloidal stability (Figure 3D) [23,50]. LNPs generally contain mRNA at a relatively low
copy number (1–10), which is bound by ionizable cationic lipid and located in the particle
core [51].

Multiple reports indicate that ionizable lipid is the principal factor determining the
efficacy of LNPs designed for siRNA delivery [50]. It is neutral at physiological pH,
eliminating any cationic charge in the circulation, but becomes protonated at pH ~6.5 in
the endosome, facilitating endosomal release [51]. Specific LNP formulations are often
proprietary. In this regard, Hassett et al. evaluated the ability of a group of proprietary
biodegradable ionizable lipids incorporated into LNPs to maximize the expression and
immunogenicity of encapsulated mRNA [52]. A formulation was identified that produced a
vigorous immune response with enhanced safety relative to other formulations in both mice
and NHP primates inoculated i.m. Safety and tolerability, key factors in the performance of
any new vaccine, were improved by the inclusion of biodegradable lipids with short half-
lives in the LNPs. Increased biodegradability correlates with a reduction in inflammation
at the injection site.

It is essential that the components of LNPs are susceptible to rapid metabolism
or excretion to avoid accumulating in tissues and attending adverse consequences [39].
Notably, in addition to facilitating uptake by cells and gene expression, delivery systems
can stimulate innate immunity and, consequently, provide an adjuvant effect [53,54]. LNP
formulations that induce potent immune responses, despite a reduction in inflammatory
cell infiltration and cytokine production, however, support the conjecture that mRNA
vaccines do not require strong adjuvant activity [52]. LNPs offer the additional advantage
that they can be formulated to encapsulate multiple mRNAs encoding different proteins
and immunostimulants (e.g., pembrolizumab, anti-PD-1 receptor) into a single vaccine
to improve overall immunogenic activity (for examples, see ClinicalTrials.gov Identifiers:
NCT03313778, NCT03897881, and NCT04232280).

Targeting antigen-presenting cells, i.e., DCs, is a principal goal of any vaccine delivery
system. Targeted delivery reduces the required mRNA dosage and any potential off-target
side effects. In this regard, Perche et al. demonstrated that transfection of mannose-
receptor-expressing dendritic cells was increased when mice were inoculated with mRNA
incorporated into mannosylated lipid particles [55]. Additional efforts to target mRNA
delivery to DCs have focused upon functionalizing nanoparticles with monoclonal anti-
bodies that recognize and bind cell surface DC receptors such as DC-SIGN, DEC-205, and
langerin [56–58]. Use of targeting moieties, though, usually does not prevent the uptake of
mRNA–LNP constructs by the liver and spleen. Moreover, this approach has only limited
value: (1) chemical conjugation of monoclonal antibody to the LNP surface is inefficient,
(2) serum proteins adsorb to the surface of LNPs and often form a corona that masks the
specificity of the attached antibody and, finally, (3) antibody bound to the targeted receptor
could possibly trigger signaling pathways that lead to unwanted consequences.

Alternatively, DCs in the lymphoid compartment can be specifically and effectively
targeted without functionalization by adjusting the negative net charge of the LNP formu-
lation [40]. Particles with a slight negative charge (i.e., 1.3:2, positive to negative) effectively
targeted mRNA to the spleens of mice injected intravenously. mRNA uptake was high-
est in splenic macrophages, but the highest transfection and translation rates occurred
in conventional DCs. Moreover, vaccination induced strong effector and memory T-cell
responses and the rejection of tumors in a mouse model. In a similar vein, rhesus macaques
immunized i.m. or intradermally (i.d.) with an LNP-encapsulated mRNA vaccine construct
that encoded influenza H10 hemagglutinin exhibited rapid mobilization of professional
antigen-presenting cells (APCs), i.e., monocytes and DCs, to the site of administration [59].
These cells quickly engulfed the mRNA construct, translated the message, and upregulated
key co-stimulatory receptors, e.g., CD80 and CD86. Injected LNP less than 150 nm in size
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readily entered the lymphatic vessels from interstitial spaces, enabling both passive and
APC-associated vaccine transport to the draining lymph nodes [58–60]. The lymph nodes
provide a rich environment for naïve T-cell priming by APCs expressing the product(s) of
mRNA translation. Consequently, the vaccinated macaques exhibited H10-specific CD4+

and CD8+ T-cell responses and protective anti-HA titers [59].
mRNA vaccines can be administered by needle or needle-free methods; the route of

administration plays an important role in determining vaccine efficacy [61]. Efficacy and
safety are influenced by the anatomical and physiological properties of the vaccination
site. While the optimal route for mRNA vaccine delivery remains to be determined, i.m.
injection is, currently, the most commonly used route [23,61]. Muscle contains a large
network of blood vessels which can recruit and recirculate APCs to draining lymph nodes.
The injection volume is large (1–3 mL adults), invasion is minimal, and local side effects
are limited.

Intradermal vaccination offers a reasonable alternative to i.m. injection. In this regard,
macaques vaccinated i.d. with mRNA–LNP, in the study cited above, exhibited significantly
higher anti-HA titers and a greater number of H10-specific CD4+ T cells than did the i.m.
vaccinated group [59]. Furthermore, additional studies suggest that i.d. vaccination may
require a much smaller dose than that administered i.m. to elicit a comparable immune
response, an important consideration when the vaccine supply is limited [58].

4. Clinical Applications
4.1. Cancer

The majority of early work with mRNA vaccines has focused on cancer. Clearly, conv-
entional vaccine approaches are not applicable to such non-infectious diseases. Cancer
vaccines are therapeutic, rather than prophylactic, designed to target tumor-associated anti-
gens expressed preferentially by cancerous cells and, as a result, to stimulate cell-mediated
immune responses capable of reducing the tumor burden. Exploration of mRNA to induce
adaptive immune responses to cancer began in 1995, when Conry and coworkers reported
that protective antitumor immunity could be induced in mice by intramuscular injection of
mRNA encoding carcinoembryonic antigens [62]. Currently, more than 100 clinical trials
for mRNA vaccines are listed by the U.S. National Library of Medicine (ClinicalTrials.gov)
for a wide range of cancers that includes breast, ovarian, prostate, colon, metastatic renal
cell, glioblastoma, melanoma, and solid tumors. Most of these trials are early, but some
have progressed to phase 2.

The most straightforward approach using mRNA to vaccinate against cancer is to
immunize patients with vaccines that encode tumor-associated antigens (TAAs). This
approach is typified by RNActive® technology (CureVac AG) in which mRNA, customized
using proprietary methods to maximize protein synthesis, is complexed with protamine
to promote Th1-type T-cell responses [46,47,63]. The resultant vaccine constructs induced
both humoral and cell-mediated responses in animal models, and are currently being eval-
uated in several clinical trials. In one phase 1/phase 2 trial (ClinicalTrials.gov Identifier:
NCT00831467), for example, hormonal refractory prostate cancer patients were intrader-
mally treated with a vaccine construct that encodes four prostate-specific antigens: PSA,
PSMA, PSCA, and STEAP [63]. No results have been reported to date.

Personalized mRNA vaccine constructs offer a second approach to immunizing cancer
patients [64]. Somatic mutations are important drivers of cancer development. Many
mutations are unique, leading to a distinct set of mutations in each patient’s tumor (the
mutanome), defined by comparing exome sequencing data obtained by next generation
sequencing of healthy and tumor-derived tissues. Evidence suggests that a significant
subset of these mutations encode neoepitopes recognized by autologous T cells [37]. These
epitopes are evaluated to determine those that are not subject to central immune tolerance
and, therefore, confer antitumor vaccine activity. Given the flexibility and ease of man-
ufacturing, mRNA sequences encoding multiple neoepitopes can be incorporated into a
single, poly-neoepitope backbone that comprises the personalized vaccine construct. The
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safety and clinical feasibility of this approach was demonstrated in a first-in-human trial
undertaken to treat 13 patients with metastatic melanoma (ClinicalTrials.gov Identifier:
NCT02035956) [65]. Each patient was immunized with a vaccine that encoded 10 neoepi-
topes that were unique to his/her tumor. All vaccinated patients exhibited CD4+ and CD8+

T-cell responses to selected epitopes. Antitumor responses were detected in some patients
in whom vaccine-induced T-cell infiltration and neoepitope-specific killing of autologous
tumor cells were found in metastases resected post-vaccination. Since this initial report,
therapeutic cancer treatment with personalized mRNA vaccines has received significant
attention; several clinical trials listed by the U.S. National Library of Medicine are currently
ongoing (see ClinicalTrials.gov).

Notably, cancer vaccine trials involving mRNA vaccine constructs have not been
very successful in treating late-stage patients with treatment-refractory tumors [66,67].
Consequently, in an ongoing phase 2 study (ClinicalTrials.gov Identifier: NCT03897881),
for example, patients with high-risk melanoma are being treated with personalized cancer
vaccine mRNA-4157 with or without pembrolizumab, a monoclonal antibody that binds
the PD-1 receptor and blocks the interaction of PD-L1 and PD-L2, thus restoring T-cell
activity. Similarly, investigators propose treating patients who have resected or unresected
solid tumors with personalized mRNA-4157 vaccine in combination with pembrolizumab
(ClinicalTrials.gov Identifier: NCT03313778).

4.2. Infectious Diseases

Conventional vaccines are largely prophylactic, created to prevent infectious diseases.
Traditional approaches to develop new vaccines are challenged by requirements for rapid
development and large scale implementation [24]. In this regard, a number of recent
reports demonstrated the potency and versatility of mRNA vaccine constructs to elicit
protection against a wide variety of infectious agents (e.g., Zika virus, rabies, influenza
virus, cytomegalovirus, Ebola virus, Streptococcus species, and Toxoplasma gondii) in animal
models. mRNA-based vaccines constructs demonstrated the ability to generate potent
neutralizing antibody responses in animals immunized with only one or two low doses.

Small animals and NHPs immunized with an mRNA–LNP vaccine construct that
encoded the pre-membrane and envelope (prM-E) glycoproteins of Zika virus, for example,
exhibited a strong, durable neutralizing antibody response that conferred sterilizing immu-
nity to ZIKV infection [68,69]. Similarly, NHPs vaccinated i.m. with an LNP-formulated
mRNA vaccine that encoded the rabies virus glycoprotein (RABV-G) produced protective
antibody titers that could be boosted and remained stable for 1 year [70]. The same study
also reported that NHPs immunized with a single dose of an mRNA–LNP vaccine con-
struct that encoded the hemagglutinin glycoprotein of the H1N1pdm09 influenza virus
strain induced anti-H1N1-HI titers that were equal or greater than those considered protec-
tive in humans and equivalent to those elicited by a licensed inactivated influenza virus
vaccine Fluad.

The results of animal studies such as these has generated a great deal of enthusiasm.
mRNA vaccines are currently being tested clinically for a number of viral diseases, in-
cluding rabies virus, influenza virus, Zika virus, cytomegalovirus, respiratory syncytial
virus, and novel coronavirus (SARS-CoV-2). With the exception of SARS-CoV-2, however,
none of these clinical trials has passed the early phase. In this regard, Alberer et al. re-
ported that CV7201 (an mRNA vaccine construct that encodes RABV-G complexed with
protamine) was reactogenic and elicited acceptable virus neutralizing antibody titers in
only 71% and 46% of study participants inoculated i.d. and i.m., respectively (ClinicalTri-
als.gov Identifier: NCT02241135) [71]. In a more recent study (ClinicalTrials.gov Identifier:
NCT03713086), however, 1 or 2 small doses of CV7202 (mRNA encoding RABV-G in a LNP
complex) administered i.m. elicited rabies virus neutralizing antibody titer ≥0.5 IU/mL,
an acceptable value by WHO standards [72]. Feldman et al. reported similar findings [73].
H10N8 and H7N9 mRNA influenza vaccine constructs encoding the hemagglutinin of
the H10N8 and H7N9 influenza strains formulated in an LNP delivery system induced
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hemagglutination inhibition titers >1:40 and microneutralization titers >1:20 in ≥90% of
the study volunteers inoculated i.m., albeit that a significant T-cell response to vaccination
was not found (ClinicalTrials.gov Identifiers: NCT03076385 and NCT03345043).

SARS-CoV-2 and the coronavirus disease 2019 (COVID-19) pandemic demonstrate the
urgent need for technologies that are flexible and able to achieve rapid vaccine development
and large scale production. Three of 52 vaccine candidates currently undergoing clinical
evaluation (WHO draft landscape of COVID-19 candidate vaccines, 10 December 2020)
are mRNA-based vaccines involved in phase 2b/3 (CureVac, ClinicalTrials.gov Identifier:
NCT04515147) or phase 3 (Pfizer-BioNTech, ClinicalTrials.gov Identifier: NCT04368728 and
Moderna/NIAID, ClinicalTrials.gov Identifier: NCT04470427) trials. Two—mRNA-1273
vaccine (Moderna TX) and BNT162b2 vaccine (Pfizer-BioNTech)—received emergency
use authorization from the U.S. Food and Drug Administration and are currently being
administered prophylactically to prevent COVID-19.

The BNT162b2 vaccine produced by Pfizer-BioNTech is an LNP-formulated, nucleoside-
modified RNA vaccine that encodes a prefusion stabilized, membrane-anchored SARS-
CoV-2 full-length spike protein [74,75]. BNT162b2 vaccination elicits high SARS-CoV-2
neutralizing antibody titers and robust antigen-specific Th1-type CD4+ and CD8+ T-cell
responses. The vaccine is 95% effective against COVID-19; reactogenicity is generally mild
or moderate. The Centers for Disease Control and Prevention (Washington, DC, USA)
recently reported, however, that anaphylaxis occurs at an estimated rate of 11.1 cases
per million first doses administered [76]. Additionally, BNT162b2 must be shipped and
stored at −70 ◦C temperatures and requires two doses to be fully effective, contributing
to supply chain problems especially in poor rural areas. Notably, a U.S. Food and Drug
Administration press release dated 21 February 2021 indicated that BNT162b2 can be stored
in undiluted form for up to two weeks at −25 to −15 ◦C. Like the BNT162b2 vaccine, the
mRNA-1273 vaccine produced by Moderna is a LNP encapsulated nucleoside-modified
mRNA-based vaccine that encodes the stabilized prefusion spike glycoprotein trimer of
SARS-CoV-2 that is required for host cell attachment and viral entry [77]. mRNA-1273
was created in approximate 2 months following disclosure of the draft viral genome, a
record turnaround for a vaccine candidate [78]. Vaccination induced binding and neutraliz-
ing antibody titers in a phase 1 trial that were equivalent to those found in convalescent
serum samples. A spike epitope-specific CD4+ T-cell response, which was biased toward
Th1-type cytokine expression, was also found; the CD8+ T-cell response, however, was
marginal [78]. The vaccine exhibited 94.1% efficacy in preventing symptomatic infection
and 100% efficacy in preventing severe COVID-19 in a phase 3 clinical trial [77]. Adverse
events were mild or moderate. Unlike the BNT162b2 vaccine produced by Pfizer-BioNTech,
mRNA-1273 is expected to remain stable for 30 days when stored at 2 to 8 ◦C (Moderna Inc.
16 November 2020 press release).

The CVnCoV vaccine produced by CureVac is a LNP formulated, mRNA-based
SARS-CoV-2 vaccine that encodes the full-length spike protein stabilized in a prefusion
conformation. The mRNA component was optimized for high immunogen expression and
moderate activation of innate immune responses using proprietary mRNA technology that
includes non-chemically modified nucleotides and a GC-enriched open reading frame. The
formulation induced strong humoral and cell-mediated responses in NHP that protected
from subsequent challenge with SARS-CoV-2 [79]. Antibody titers produced by vaccinated
participants enrolled in a phase 1 study were comparable to patients who recovered
from SARS-CoV-2 infections (ClinicalTrials.gov Identifier: NCT04449276) [80]. No serious
vaccine-related adverse events occurred. Volunteers are currently being recruited for
a phase 2b/3 trial to determine CVnCoV vaccine efficacy (ClinicalTrials.gov Identifier:
NCT04652102). Notably, CVnCoV can be stored for 3 months at 5 ◦C presumably due
to the absence of nucleoside modifications, which permits more tightly packed LNP and
increased stability (CureVac, 12 November 2020 press release). In this regard, enhancing the
thermostability of mRNA vaccines and enabling their distribution and long-term storage
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at higher temperatures is an immediate goal of ongoing studies. The three mRNA-based
SARS-CoV-2 vaccines currently in clinical use are summarized and compared in Table 1.

Table 1. mRNA-based SARS-CoV-2 vaccines.

Company Vaccine mRNA Immunogen LNP (Probable
Ionizable Lipid)

Dose (µg mRNA,
Twice)

Pfizer-BioNTech BNT162b2 modified
nucleoside

prefusion stabilized
spike protein Acuitas ALC-0315 [81] 30

Moderna mRNA-1273 modified
nucleoside

prefusion stabilized
spike protein Lipid H [52] 100

CureVac CVnCoV unmodified prefusion stabilized
spike protein Acuitas ALC-0315 [81] 12

The emergence of three SARS-CoV-2 variants has raised enormous concern regarding
the efficacies of the currently available COVID-19 vaccines [82]. The B.1.1.7., B.1.351, and P1
variants, first identified in the United Kingdom, South Africa, and Brazil, respectively, all
possess mutations that affect the spike protein and, often, the receptor-binding domain that
mediates binding to ACE2 receptors expressed on human cells. These mutations promote
transmission, rapid spread, and higher virus burden post-infection, but do not seem to
be associated with more severe disease. Sera obtained from individuals vaccinated with
mRNA-1273 (Moderna) exhibited high-titer neutralizing antibody against the B.1.1.7 and
B.1.351 variants, but a reduction in neutralizing antibody specific for P1 [82]. Laboratory
tests indicate that immunization with the BNT162b2 vaccine (Pfizer-BioNTech) will also
be effective in preventing infection by the SARS-CoV-2 B.1.1.7 and B.1.351 variants [83].
While it is reassuring that mRNA-1273 and BNT162b2 vaccines provide protection against
these two emerging SARS-CoV-2 variants, it is equally reassuring to know that the flexibil-
ity provided by mRNA-based vaccine technology enables the periodic reformulation of
vaccines so that they better match circulating viral variants [84].

4.3. Allergies and Autoimmune Diseases

While current research efforts are focused on cancer and infectious diseases, the results
of recent animal studies demonstrate the potential use of RNA vaccines to prevent or treat
allergies and autoimmune diseases. Allergen-specific immunotherapy is an effective
treatment for type I hypersensitivity reactions. Prophylactic intervention in young children
to induce an immunological bias that prevents Th2 sensitization has been proposed to stop
the increase in patient numbers [85]. Mice vaccinated intradermally with mRNA encoding
the grass pollen allergen Phl p5 exhibited a Th1-type response and IFN-γ production.
Vaccination suppressed Th2 cytokine production, IgE synthesis, and lung eosinophilia,
supporting the efficacy of an RNA-based vaccine in suppressing sensitization to type I
allergic reactions [86].

There is a clear need for new approaches to treat autoimmune diseases, such as type
1 diabetes and multiple sclerosis, that control autoreactive T cells while circumventing
the adverse effects associated with broad-acting therapeutics and systemic suppression.
Accordingly, Krienke and coworkers recently reported that an mRNA vaccine construct,
which encoded disease-related autoantigens, negated all signs of experimental autoimmune
encephalomyelitis in a mouse model of multiple sclerosis [87]. Treatment was characterized
by a reduction in antigen-specific effector T cells and a concomitant increase in regulatory
T cells. Notably, vaccination did not impair the subsequent capacity to elicit immune
responses to unrelated antigens. These findings suggest that RNA based vaccines could
play a valuable role treating the more than 80 estimated autoimmune diseases.
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5. Conclusions

The speed with which mRNA-based vaccines were developed, produced on a massive
scale and used clinically to confront the COVID-19 pandemic, provides proof-of-concept
that RNA-based vaccines offer a promising new approach to immunizing against disease.

Author Contributions: F.K. and F.Z. made substantial contributions to the concept, design, drafting
and final approval of this manuscript. D.S., C.J., D.T., and S.G. contributed to critical revision and
approval of the submitted version. All authors have read and agreed to the published version of
the manuscript.

Funding: This review was completed without a source of external financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data reported.

Acknowledgments: We are grateful to Stephen H. Gregory (Providence, RI, USA) for his help writing
and editing this manuscript.

Conflicts of Interest: Frank Kowalzik received honoraria and travel grant from Sanofi Pasteur and
GSK and is the current deputy Principal Investigator of ongoing study supported by CureVac. Daniel
Teschner received honoraria and travel grants from Gilead, Pfizer, and MSD; received travel grants
from AbbVie, Astellas, Celgene, and Jazz; serves as a consultant for BioNTech, Gilead, MSD, iQone,
and Pfizer; and is deputy Principal Investigator of an ongoing study supported by CureVac. Stephan
Gehring has received research support from CureVac since 2018 and is the Principal Investigator of
an ongoing study supported by CureVac. Fred Zepp is a member and Chairman of the Independent
Data Monitoring Board of CureVac and the WHO. Daniel Schreiner and Christian Jensen have no
conflicts of interest to declare.

References
1. Rauch, S.; Jasny, E.; Schmidt, K.E.; Petsch, B. New Vaccine Technologies to Combat Outbreak Situations. Front. Immunol. 2018, 9,

1963. [CrossRef] [PubMed]
2. Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak

associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [CrossRef] [PubMed]
3. Pronker, E.S.; Weenen, T.C.; Commandeur, H.; Claassen, E.H.; Osterhaus, A.D. Risk in vaccine research and development

quantified. PLoS ONE 2013, 8, e57755. [CrossRef]
4. Plotkin, S.; Robinson, J.M.; Cunningham, G.; Iqbal, R.; Larsen, S. The complexity and cost of vaccine manufacturing—An

over-view. Vaccine 2017, 35, 4064–4071. [CrossRef] [PubMed]
5. Pollard, A.J.; Bijker, E.M. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2020, 21, 1–18.
6. Pardi, N.; Hogan, M.J.; Weissman, D. Recent advances in mRNA vaccine technology. Curr. Opin. Immunol. 2020, 65, 14–20.

[CrossRef] [PubMed]
7. Schlake, T.; Thess, A.; Fotin-Mleczek, M.; Kallen, K.J. Developing mRNA-vaccine technologies. RNA Biol. 2012, 9, 1319–1330.

[CrossRef] [PubMed]
8. Devarkar, S.C.; Wang, C.; Miller, M.T.; Ramanathan, A.; Jiang, F.; Khan, A.G.; Patel, S.S.; Marcotrigiano, J. Structural basis for m7G

recognition and 2′-O-methyl discrimination in capped RNAs by the innate immune receptor RIG-I. Proc. Natl. Acad. Sci. USA
2016, 113, 596–601. [CrossRef] [PubMed]

9. Leppek, K.; Das, R.; Barna, M. Functional 5′ UTR mRNA structures in eukaryotic translation regulation and how to find them.
Nat. Rev. Mol. Cell Biol. 2018, 19, 158–174. [CrossRef] [PubMed]

10. Tanguay, R.L.; Gallie, D.R. Translational efficiency is regulated by the length of the 3’ untranslated region. Mol. Cell. Biol. 1996, 16,
146–156. [CrossRef] [PubMed]

11. Goldstrohm, A.C.; Wickens, M. Multifunctional deadenylase complexes diversify mRNA control. Nat. Rev. Mol. Cell Biol. 2008, 9,
337–344. [CrossRef]

12. Lima, S.A.; Chipman, L.B.; Nicholson, A.L.; Chen, Y.-H.; Yee, B.A.; Yeo, G.W.; Coller, J.; Pasquinelli, A.E. Short poly(A) tails are a
conserved feature of highly expressed genes. Nat. Struct. Mol. Biol. 2017, 24, 1057–1063. [CrossRef]

13. Karikó, K.; Buckstein, M.; Ni, H.; Weissman, D. Suppression of RNA Recognition by Toll-like Receptors: The Impact of Nucleoside
Modification and the Evolutionary Origin of RNA. Immunity 2005, 23, 165–175. [CrossRef] [PubMed]

14. Gustafsson, C.; Govindarajan, S.; Minshull, J. Codon bias and heterologous protein expression. Trends Biotechnol. 2004, 22, 346–353.
[CrossRef]

http://doi.org/10.3389/fimmu.2018.01963
http://www.ncbi.nlm.nih.gov/pubmed/30283434
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.1371/journal.pone.0057755
http://doi.org/10.1016/j.vaccine.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28647170
http://doi.org/10.1016/j.coi.2020.01.008
http://www.ncbi.nlm.nih.gov/pubmed/32244193
http://doi.org/10.4161/rna.22269
http://www.ncbi.nlm.nih.gov/pubmed/23064118
http://doi.org/10.1073/pnas.1515152113
http://www.ncbi.nlm.nih.gov/pubmed/26733676
http://doi.org/10.1038/nrm.2017.103
http://www.ncbi.nlm.nih.gov/pubmed/29165424
http://doi.org/10.1128/MCB.16.1.146
http://www.ncbi.nlm.nih.gov/pubmed/8524291
http://doi.org/10.1038/nrm2370
http://doi.org/10.1038/nsmb.3499
http://doi.org/10.1016/j.immuni.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16111635
http://doi.org/10.1016/j.tibtech.2004.04.006


Vaccines 2021, 9, 390 13 of 15

15. Thess, A.; Grund, S.; Mui, B.L.; Hope, M.J.; Baumhof, P.; Fotin-Mleczek, M.; Schlake, T. Sequence-engineered mRNA without
chemical nucleoside modifications enables an effective protein therapy in large animals. Mol. Ther. 2015, 23, 1456–1464. [CrossRef]
[PubMed]

16. Milligan, J.F.; Groebe, D.R.; Witherell, G.W.; Uhlenbeck, O.C. Oligoribonucleotide synthesis using T7 RNA polymerase and
syn-thetic DNA templates. Nucleic Acids Res. 1987, 15, 8783–8798. [CrossRef] [PubMed]

17. Triana-Alonso, F.J.; Dabrowski, M.; Wadzack, J.; Nierhaus, K.H. Self-coded 3′-Extension of Run-off Transcripts Produces Aberrant
Products during in Vitro Transcription with T7 RNA Polymerase. J. Biol. Chem. 1995, 270, 6298–6307. [CrossRef] [PubMed]

18. Karikó, K.; Muramatsu, H.; Ludwig, J.; Weissman, D. Generating the optimal mRNA for therapy: HPLC purification eliminates
immune activation and improves translation of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Res. 2011, 39, e142.
[CrossRef]

19. Maruggi, G.; Zhang, C.; Li, J.; Ulmer, J.B.; Yu, D. mRNA as a transformative technology for vaccine development to control
infectious diseases. Mol. Ther. 2019, 27, 757–772. [CrossRef]

20. Ljungberg, K.; Liljestrom, P. Self-replicating alphavirus RNA vaccines. Expert Rev. Vaccines 2015, 14, 177–194. [CrossRef] [PubMed]
21. Brito, L.A.; Chan, M.; Shaw, C.A.; Hekele, A.; Carsillo, T.; Schaefer, M.; Archer, J.; Seubert, A.; Otten, G.R.; Beard, C.W.; et al. A

Cationic Nanoemulsion for the Delivery of Next-generation RNA Vaccines. Mol. Ther. 2014, 22, 2118–2129. [CrossRef]
22. Vogel, A.B.; Lambert, L.; Kinnear, E.; Busse, D.; Erbar, S.; Reuter, K.C.; Wicke, L.; Perkovic, M.; Beissert, T.; Haas, H.; et al.

Self-Amplifying RNA Vaccines Give Equivalent Protection against Influenza to mRNA Vaccines but at Much Lower Doses. Mol.
Ther. 2018, 26, 446–455. [CrossRef]

23. Kowalski, P.S.; Rudra, A.; Miao, L.; Anderson, D.G. Delivering the Messenger: Advances in Technologies for Therapeutic mRNA
Delivery. Mol. Ther. 2019, 27, 710–728. [CrossRef]

24. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17,
261–279. [CrossRef] [PubMed]

25. McNab, F.W.; Mayerbarber, K.D.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015,
15, 87–103. [CrossRef] [PubMed]

26. Pollard, C.; Rejman, J.; De Haes, W.; Verrier, B.; Van Gulck, E.; Naessens, T.; De Smedt, S.; Bogaert, P.; Grooten, J.; Vanham, G.;
et al. Type I IFN counteracts the induction of antigen-specific immune responses by li-pid-based delivery of mRNA vaccines.
Mol. Ther. 2013, 21, 251–259. [CrossRef]

27. Broos, K.; Van der Jeught, K.; Puttemans, J.; Goyvaerts, C.; Heirman, C.; Dewitte, H.; Verbeke, R.; Lentacker, I.; Thielemans,
K.; Breckpot, K. Particle-mediated Intravenous Delivery of Antigen mRNA Results in Strong Antigen-specific T-cell Responses
Despite the Induction of Type I Interferon. Mol. Ther. Nucleic Acids 2016, 5, e326. [CrossRef] [PubMed]

28. Jackson, N.A.C.; Kester, K.E.; Casimiro, D.; Gurunathan, S.; DeRosa, F. The promise of mRNA vaccines: A biotech and industrial
perspective. NPJ Vaccines 2020, 5, 1–6. [CrossRef] [PubMed]

29. Barrett, S.P.; Salzman, J. Circular RNAs: Analysis, expression and potential functions. Development 2016, 143, 1838–1847.
[CrossRef]

30. Wesselhoeft, R.A.; Kowalski, P.S.; Anderson, D.G. Engineering circular RNA for potent and stable translation in eukaryotic cells.
Nat. Commun. 2018, 9, 1–10. [CrossRef] [PubMed]

31. Wesselhoeft, R.A.; Kowalski, P.S.; Parker-Hale, F.C.; Huang, Y.; Bisaria, N.; Anderson, D.G. RNA circularization diminishes
immu-nogenicity and can extend translation duration in vivo. Mol. Cell 2019, 74, 508–520. [CrossRef]

32. Feng, Z.; Meng, S.; Zhou, H.; Xu, Z.; Tang, Y.; Li, P.; Liu, C.; Huang, Y.; Wu, M. Functions and Potential Applications of Circular
RNAs in Cancer Stem Cells. Front. Oncol. 2019, 9, 500. [CrossRef] [PubMed]

33. Houseley, J.; Tollervey, D. The Many Pathways of RNA Degradation. Cell 2009, 136, 763–776. [CrossRef] [PubMed]
34. Sahin, U.; Kariko, K.; Tureci, O. mRNA-based therapeutics—Developing a new class of drugs. Nat. Rev. Drug Discov. 2014, 13,

759–780. [CrossRef] [PubMed]
35. Broderick, K.E.; Humeau, L.M. Enhanced Delivery of DNA or RNA Vaccines by Electroporation. Methods Mol. Biol. 2017, 1499,

193–200. [CrossRef] [PubMed]
36. Benteyn, D.; Heirman, C.; Bonehill, A.; Thielemans, K.; Breckpot, K. mRNA-based dendritic cell vaccines. Expert Rev. Vaccines

2015, 14, 161–176. [CrossRef] [PubMed]
37. Vormehr, M.; Diken, M.; Boegel, S.; Kreiter, S.; Türeci, Ÿ.; Sahin, U.; Türeci, Ö. Mutanome directed cancer immunotherapy. Curr.

Opin. Immunol. 2016, 39, 14–22. [CrossRef] [PubMed]
38. Smits, E.L.; Anguille, S.; Cools, N.; Berneman, Z.N.; Van Tendeloo, V.F. Dendritic Cell-Based Cancer Gene Therapy. Hum. Gene

Ther. 2009, 20, 1106–1118. [CrossRef] [PubMed]
39. Stanton, M.G. Current Status of Messenger RNA Delivery Systems. Nucleic Acid Ther. 2018, 28, 158–165. [CrossRef]
40. Kranz, L.M.; Diken, M.; Haas, H.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F.; et al. Systemic

RNA delivery to dendritic cells exploits antiviral defence for cancer immuno-therapy. Nature 2016, 534, 396–401. [CrossRef]
41. Alfagih, I.M.; Aldosari, B.; AlQuadeib, B.; Almurshedi, A.; Alfagih, M.M. Nanoparticles as adjuvants and nanodelivery systems

for mRNA-based vaccines. Pharmaceutics 2020, 13, 45. [CrossRef]
42. Durymanov, M.; Reineke, J. Nonviral delivery of nucleic acids: Insight into mechanisms of overcoming intracellular barriers.

Front. Pharmacol. 2018, 9, 971. [CrossRef] [PubMed]

http://doi.org/10.1038/mt.2015.103
http://www.ncbi.nlm.nih.gov/pubmed/26050989
http://doi.org/10.1093/nar/15.21.8783
http://www.ncbi.nlm.nih.gov/pubmed/3684574
http://doi.org/10.1074/jbc.270.11.6298
http://www.ncbi.nlm.nih.gov/pubmed/7534310
http://doi.org/10.1093/nar/gkr695
http://doi.org/10.1016/j.ymthe.2019.01.020
http://doi.org/10.1586/14760584.2015.965690
http://www.ncbi.nlm.nih.gov/pubmed/25269775
http://doi.org/10.1038/mt.2014.133
http://doi.org/10.1016/j.ymthe.2017.11.017
http://doi.org/10.1016/j.ymthe.2019.02.012
http://doi.org/10.1038/nrd.2017.243
http://www.ncbi.nlm.nih.gov/pubmed/29326426
http://doi.org/10.1038/nri3787
http://www.ncbi.nlm.nih.gov/pubmed/25614319
http://doi.org/10.1038/mt.2012.202
http://doi.org/10.1038/mtna.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/27327138
http://doi.org/10.1038/s41541-020-0159-8
http://www.ncbi.nlm.nih.gov/pubmed/33531478
http://doi.org/10.1242/dev.128074
http://doi.org/10.1038/s41467-018-05096-6
http://www.ncbi.nlm.nih.gov/pubmed/29980667
http://doi.org/10.1016/j.molcel.2019.02.015
http://doi.org/10.3389/fonc.2019.00500
http://www.ncbi.nlm.nih.gov/pubmed/31263676
http://doi.org/10.1016/j.cell.2009.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19239894
http://doi.org/10.1038/nrd4278
http://www.ncbi.nlm.nih.gov/pubmed/25233993
http://doi.org/10.1007/978-1-4939-6481-9_12
http://www.ncbi.nlm.nih.gov/pubmed/27987151
http://doi.org/10.1586/14760584.2014.957684
http://www.ncbi.nlm.nih.gov/pubmed/25196947
http://doi.org/10.1016/j.coi.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26716729
http://doi.org/10.1089/hum.2009.145
http://www.ncbi.nlm.nih.gov/pubmed/19656053
http://doi.org/10.1089/nat.2018.0726
http://doi.org/10.1038/nature18300
http://doi.org/10.3390/pharmaceutics13010045
http://doi.org/10.3389/fphar.2018.00971
http://www.ncbi.nlm.nih.gov/pubmed/30186185


Vaccines 2021, 9, 390 14 of 15

43. Malone, R.W.; Felgner, P.L.; Verma, I.M. Cationic liposome-mediated RNA transfection. Proc. Natl. Acad. Sci. USA 1989, 86,
6077–6781. [CrossRef] [PubMed]

44. Chahal, J.S.; Fang, T.; Woodham, A.W.; Khan, O.F.; Ling, J.; Anderson, D.G.; Ploegh, H.L. An RNA nanoparticle vaccine against
Zika virus elicits antibody and CD8+ T cell responses in a mouse model. Sci. Rep. 2017, 7, 1–9. [CrossRef] [PubMed]

45. Chahal, J.S.; Khan, O.F.; Cooper, C.L.; McPartlan, J.S.; Tsosie, J.K.; Tilley, L.D.; Sidik, S.M.; Lourido, S.; Langer, R.; Bavari, S.; et al.
Dendrimer-RNA nanoparticles generate protective immunity against lethal Ebola, H1N1 influenza, and Toxoplasma gondii
challenges with a single dose. Proc. Natl. Acad. Sci. USA 2016, 113, E4133–E4142. [CrossRef] [PubMed]

46. Rauch, S.; Lutz, J.; Kowalczyk, A.; Schlake, T.; Heidenreich, R. RNActive(R) technology: Generation and testing of stable and
immunogenic mRNA vaccines. Methods Mol. Biol. 2017, 1499, 89–107. [PubMed]

47. Kallen, K.J.; Heidenreich, R.; Schnee, M.; Petsch, B.; Schlake, T.; Thess, A.; Baumhof, P.; Scheel, B.; Koch, S.D.; Fotin-Mleczek, M.
A novel, disruptive vaccination technology: Self-adjuvanted RNActive vaccines. Hum. Vaccin. Immunother. 2013, 9, 2263–2276.
[CrossRef]

48. Zhang, C.; Maruggi, G.; Shan, H.; Li, J. Advances in mRNA Vaccines for Infectious Diseases. Front. Immunol. 2019, 10, 594.
[CrossRef] [PubMed]

49. Armbruster, N.; Jasny, E.; Petsch, B. Advances in RNA Vaccines for Preventive Indications: A Case Study of a Vaccine Against
Rabies. Vaccines 2019, 7, 132. [CrossRef] [PubMed]

50. Semple, S.C.; Akinc, A.; Chen, J.; Sandhu, A.P.; Mui, B.L.; Cho, C.K.; Sah, D.W.Y.; Stebbing, D.; Crosley, E.J.; Yaworski, E.; et al.
Rational design of cationic lipids for siRNA delivery. Nat. Biotechnol. 2010, 28, 172–176. [CrossRef] [PubMed]

51. Buschmann, M.; Carrasco, M.; Alishetty, S.; Paige, M.; Alameh, M.; Weissman, D. Nanomaterial Delivery Systems for mRNA
Vaccines. Vaccines 2021, 9, 65. [CrossRef]

52. Hassett, K.J.; Benenato, K.E.; Jacquinet, E.; Lee, A.; Woods, A.; Yuzhakov, O.; Himansu, S.; Deterling, J.; Geilich, B.M.; Ketova, T.;
et al. Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines. Mol. Ther. Nucleic Acids 2019, 15,
1–11. [CrossRef] [PubMed]

53. Pepini, T.; Pulichino, A.M.; Carsillo, T.; Carlson, A.L.; Sari-Sarraf, F.; Ramsauer, K.; Debasitis, J.C.; Maruggi, G.; Otten, G.R.; Geall,
A.J.; et al. Induction of an IFN-mediated antiviral response by a self-amplifying RNA vac-cine: Implications for vaccine design.
J. Immunol. 2017, 198, 4012–4024. [CrossRef]

54. Swaminathan, G.; Thoryk, E.A.; Cox, K.S.; Meschino, S.; Dubey, S.A.; Vora, K.A.; Celano, R.; Gindy, M.; Casimiro, D.R.; Bett, A.J.
A novel lipid nanoparticle adjuvant significantly enhances B cell and T cell responses to sub-unit vaccine antigens. Vaccine 2016,
34, 110–119. [CrossRef]

55. Perche, F.; Benvegnu, T.; Berchel, M.; Lebegue, L.; Pichon, C.; Jaffrès, P.A.; Midoux, P. Enhancement of Dendritic cells transfection
in vivo and of vaccination against B16F10 melanoma with Mannosylated Histidylated lipopolyplexes loaded with tumor antigen
mRNA. Nanomedicine 2011, 7, 445–453. [CrossRef]

56. Tacken, P.J.; Torensma, R.; Figdor, C.G. Targeting antigens to dendritic cells in vivo. Immunobiology 2006, 211, 599–608. [CrossRef]
57. Veiga, N.; Diesendruck, Y.; Peer, D. Targeted lipid nanoparticles for RNA therapeutics and immunomodulation in leukocytes.

Adv. Drug Deliv. Rev. 2020, 159, 364–376. [CrossRef]
58. Reichmuth, A.M.; Oberli, M.A.; Jaklenec, A.; Langer, R.; Blankschtein, D. mRNA vaccine delivery using lipid nanoparticles. Ther.

Deliv. 2016, 7, 319–334. [CrossRef]
59. Liang, F.; Lindgren, G.; Lin, A.; Thompson, E.A.; Ols, S.; Röhss, J.; John, S.; Hassett, K.; Yuzhakov, O.; Bahl, K.; et al. Efficient

Targeting and Activation of Antigen-Presenting Cells In Vivo after Modified mRNA Vaccine Administration in Rhesus Macaques.
Mol. Ther. 2017, 25, 2635–2647. [CrossRef]

60. Bachmann, M.F.; Jennings, G.T. Vaccine delivery: A matter of size, geometry, kinetics and molecular patterns. Nat. Rev. Immunol.
2010, 10, 787–796. [CrossRef]

61. Zeng, C.; Zhang, C.; Walker, P.G.; Dong, Y. Formulation and Delivery Technologies for mRNA Vaccines. In Current Topics in
Microbiology and Immunology; Springer Nature: Berlin/Heidelberg, Germany, 2020. [CrossRef]

62. Conry, R.M.; LoBuglio, A.F.; Wright, M.; Sumerel, L.; Pike, M.J.; Johanning, F.; Benjamin, R.; Lu, D.; Curiel, D.T. Characterization
of a messenger RNA polynucleotide vaccine vector. Cancer Res. 1995, 55, 1397–1400.

63. Rausch, S.; Schwentner, C.; Stenzl, A.; Bedke, J. mRNA vaccine CV9103 and CV9104 for the treatment of prostate cancer. Hum.
Vaccines Immunother. 2014, 10, 3146–3152. [CrossRef] [PubMed]

64. Fiedler, K.; Lazzaro, S.; Lütz, J.; Rauch, S.; Heidenreich, R. mRNA Cancer Vaccines. Adv. Struct. Saf. Stud. 2016, 209, 61–85.
[CrossRef]

65. Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.P.; Simon, P.; Löwer, M.; Bukur, V.; Tadmor, A.D.; Luxemburger, U.; Schrörs,
B.; et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nature 2017, 547,
222–226. [CrossRef]

66. Sahin, U.; Oehm, P.; Derhovanessian, E.; Jabulowsky, R.A.; Vormehr, M.; Gold, M.; Maurus, D.; Schwarck-Kokarakis, D.; Kuhn,
A.N.; Omokoko, T.; et al. An RNA vaccine drives immunity in checkpoint-inhibitor-treated melanoma. Nature 2020, 585, 107–112.
[CrossRef] [PubMed]

67. Bordon, Y. An RNA vaccine for advanced melanoma. Nat. Rev. Immun. 2020, 20, 571. [CrossRef]

http://doi.org/10.1073/pnas.86.16.6077
http://www.ncbi.nlm.nih.gov/pubmed/2762315
http://doi.org/10.1038/s41598-017-00193-w
http://www.ncbi.nlm.nih.gov/pubmed/28325910
http://doi.org/10.1073/pnas.1600299113
http://www.ncbi.nlm.nih.gov/pubmed/27382155
http://www.ncbi.nlm.nih.gov/pubmed/27987144
http://doi.org/10.4161/hv.25181
http://doi.org/10.3389/fimmu.2019.00594
http://www.ncbi.nlm.nih.gov/pubmed/30972078
http://doi.org/10.3390/vaccines7040132
http://www.ncbi.nlm.nih.gov/pubmed/31569785
http://doi.org/10.1038/nbt.1602
http://www.ncbi.nlm.nih.gov/pubmed/20081866
http://doi.org/10.3390/vaccines9010065
http://doi.org/10.1016/j.omtn.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/30785039
http://doi.org/10.4049/jimmunol.1601877
http://doi.org/10.1016/j.vaccine.2015.10.132
http://doi.org/10.1016/j.nano.2010.12.010
http://doi.org/10.1016/j.imbio.2006.05.021
http://doi.org/10.1016/j.addr.2020.04.002
http://doi.org/10.4155/tde-2016-0006
http://doi.org/10.1016/j.ymthe.2017.08.006
http://doi.org/10.1038/nri2868
http://doi.org/10.1007/82_2020_217
http://doi.org/10.4161/hv.29553
http://www.ncbi.nlm.nih.gov/pubmed/25483661
http://doi.org/10.1007/978-3-319-42934-2_5
http://doi.org/10.1038/nature23003
http://doi.org/10.1038/s41586-020-2537-9
http://www.ncbi.nlm.nih.gov/pubmed/32728218
http://doi.org/10.1038/s41577-020-00417-7


Vaccines 2021, 9, 390 15 of 15

68. Pardi, N.; Hogan, M.J.; Pelc, R.S.; Muramatsu, H.; Andersen, H.; DeMaso, C.R.; Dowd, K.A.; Sutherland, L.L.; Scearce, R.M.;
Parks, R.; et al. Zika virus protection by a single low-dose nucleoside-modified mRNA vaccination. Nature 2017, 543, 248–251.
[CrossRef] [PubMed]

69. Richner, J.M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, J.M.; Julander, J.G.; Tang, W.W.; Shresta, S.; Pierson, T.C.;
et al. Modified mRNA vaccines protect against Zika virus infection. Cell 2017, 168, 1114–1125. [CrossRef]

70. Lutz, J.; Lazzaro, S.; Habbeddine, M.; Schmidt, K.E.; Baumhof, P.; Mui, B.L.; Tam, Y.K.; Madden, T.D.; Hope, M.J.; Heidenreich,
R.; et al. Unmodified mRNA in LNPs constitutes a competitive technology for prophylactic vaccines. NPJ Vaccines 2017, 2, 1–9.
[CrossRef]

71. Alberer, M.; Gnad-Vogt, U.; Hong, H.S.; Mehr, K.T.; Backert, L.; Finak, G.; Gottardo, R.; Bica, M.A.; Garofano, A.; Koch, S.D.;
et al. Safety and immunogenicity of a mRNA rabies vaccine in healthy adults: An open-label, non-randomised, prospective,
first-in-human phase 1 clinical trial. Lancet 2017, 390, 1511–1520. [CrossRef]

72. Aldrich, C.; Leroux-Roels, I.; Huang, K.B.; Bica, M.A.; Loeliger, E.; Schoenborn-Kellenberger, O.; Walz, L.; Leroux-Roels, G.; von
Sonnenburg, F.; Oostvogels, L. Proof-of-concept of a low-dose unmodified mRNA-based rabies vaccine formulated with lipid
nanoparticles in human volunteers: A phase 1 trial. Vaccine 2021, 39, 1310–1318. [CrossRef]

73. Feldman, R.A.; Fuhr, R.; Smolenov, I.; Ribeiro, A.; Panther, L.; Watson, M.; Senn, J.J.; Smith, M.; Almarsson, Ö.; Pujar, H.S.; et al.
mRNA vaccines against H10N8 and H7N9 influenza viruses of pandemic potential are immunogenic and well tolerated in
healthy adults in phase 1 randomized clinical trials. Vaccine 2019, 37, 3326–3334. [CrossRef]

74. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Marc, G.P.; Moreira, E.D.; Zerbini, C.; et al.
Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

75. Walsh, E.E.; Frenck, R.W., Jr.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey,
R.; et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef] [PubMed]

76. Shimabukuro, T.; Nair, N. Allergic reactions including anaphylaxis after receipt of the first dose of Pfizer-BioNTech COVID-19
vaccine. JAMA 2021, 325, 780–781. [CrossRef] [PubMed]

77. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. J. Med. 2020, 384, 403–416. [CrossRef] [PubMed]

78. Jackson, L.A.; Roberts, P.C.; Graham, B.S. A SARS-CoV-2 mRNA vaccine—Preliminary report. reply. N. Engl. J. Med. 2020, 383,
1191–1192. [CrossRef] [PubMed]

79. Rauch, S.; Gooch, K.; Hall, Y.; Salguero, F.J.; Dennis, M.J.; Gleeson, F.V.; Harris, D.; Ho, C.; Humphries, H.E.; Longet, S.; et al.
mRNA vaccine CVnCoV protects non-human primates from SARS-CoV-2 challenge infection. bioRxiv 2020. [CrossRef]

80. Kremsner, P.; Mann, P.; Oostvogels, L.; Kreidenweiss, A.; Leroux-Roels, I.; Leroux-Roels, G.; Kroidl, A.; Schunk, M.; Schindler, C.;
Fendel, R.; et al. Phase 1 Assessment of the safety and immunogenicity of an mRNA-lipid nanoparticle vaccine candidate against
SARS-CoV-2 in human volunteers. medRxiv 2020. [CrossRef]

81. Novel Lipids and Lipid Nanoparticle Formulations for Delivery of Nucleic Acids. Available online: https://patents.google.com/
patent/WO2017075531A1/en (accessed on 8 April 2021).

82. Burki, T. Understanding variants of SARS-CoV-2. Lancet 2021, 397, 462. [CrossRef]
83. Xie, X.; Liu, Y.; Liu, J.; Zhang, X.; Zou, J.; Fontes-Garfias, C.R.; Xia, H.; Swanson, K.A.; Cutler, M.; Cooper, D.; et al. Neutralization

of SARS-CoV-2 spike 69/70 deletion, E484K and N501Y variants by BNT162b2 vaccine-elicited sera. Nat. Med. 2021, 1–2.
[CrossRef]

84. Muik, A.; Chen, A.; Wallish, A.K.; Sänger, B.; Swanson, K.A.; Mühl, J.; Chen, W.; Cai, H.; Maurus, D.; Sarkar, R.; et al.
Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by BNT162b2 vaccine-elicited human sera. Science 2021, 371, 1152–1153.
[CrossRef] [PubMed]

85. Scheiblhofer, S.; Thalhamer, J.; Weiss, R. DNA and mRNA vaccination against allergies. Pediatr. Allergy Immunol. 2018, 29, 679–688.
[CrossRef]

86. Hattinger, E.; Scheiblhofer, S.; Roesler, E.; Thalhamer, T.; Weiss, R. Prophylactic mRNA Vaccination against Allergy Confers
Long-Term Memory Responses and Persistent Protection in Mice. J. Immunol. Res. 2015, 2015, 1–12. [CrossRef]

87. Krienke, C.; Kolb, L.; Diken, E.; Streuber, M.; Kirchhoff, S.; Bukur, T.; Akilli-Öztürk, Ö.; Kranz, L.M.; Berger, H.; Petschenka,
J.; et al. A noninflammatory mRNA vaccine for treatment of experimental autoimmune encephalomyelitis. Science 2021, 371,
145–153. [CrossRef] [PubMed]

http://doi.org/10.1038/nature21428
http://www.ncbi.nlm.nih.gov/pubmed/28151488
http://doi.org/10.1016/j.cell.2017.02.017
http://doi.org/10.1038/s41541-017-0032-6
http://doi.org/10.1016/S0140-6736(17)31665-3
http://doi.org/10.1016/j.vaccine.2020.12.070
http://doi.org/10.1016/j.vaccine.2019.04.074
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1056/NEJMoa2027906
http://www.ncbi.nlm.nih.gov/pubmed/33053279
http://doi.org/10.1001/jama.2021.0600
http://www.ncbi.nlm.nih.gov/pubmed/33475702
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.1056/NEJMoa2022483
http://www.ncbi.nlm.nih.gov/pubmed/32813942
http://doi.org/10.1101/2020.12.23.424138
http://doi.org/10.1101/2020.11.09.20228551
https://patents.google.com/patent/WO2017075531A1/en
https://patents.google.com/patent/WO2017075531A1/en
http://doi.org/10.1016/S0140-6736(21)00298-1
http://doi.org/10.1038/s41591-021-01270-4
http://doi.org/10.1126/science.abg6105
http://www.ncbi.nlm.nih.gov/pubmed/33514629
http://doi.org/10.1111/pai.12964
http://doi.org/10.1155/2015/797421
http://doi.org/10.1126/science.aay3638
http://www.ncbi.nlm.nih.gov/pubmed/33414215

	Introduction 
	mRNA Vaccines 
	Delivery Systems 
	Clinical Applications 
	Cancer 
	Infectious Diseases 
	Allergies and Autoimmune Diseases 

	Conclusions 
	References

